In Brief iNKT cells are important innate regulatory cells that modulate health and disease. In focal sterile injury in the liver, Liew et al. demonstrate that iNKT cells function as detectors and orchestrators of immunity and tissue repair by coordinating the transition from inflammation to resolution and thus leading to healthy wound repair.
INTRODUCTION
Sterile inflammation occurs in the absence of infection and underlies medical afflictions such as mechanical trauma, chemical and environmental insults, and ischemia-reperfusion injuries in all organs, including the liver, heart (myocardial infarction), and brain (stroke) (Rock et al., 2010; Shen et al., 2013) . Dysregulation of sterile inflammation can exacerbate and prolong damage to healthy tissue and fundamentally contribute to chronic disease pathology (Kono and Rock, 2008; Lukens et al., 2012) . Although much work has been done on sterile injury induced by lifestyle (diet), clinical interventions, or toxins, the molecular mechanisms and cell types that underlie the switch from an early inflammatory phase to a resolution phase (healing), which has been optimized by millions of years of evolution for a timely return to homeostasis, are less understood. Understanding the molecular mechanisms that underlie a healthy inflammatory response that then seamlessly progresses into repair could advance the design of effective therapeutics that treat common chronic inflammatory diseases in the Western world.
In vivo imaging provides some insight into how sterile injury transitions from inflammation to healthy repair. Neutrophils enter the site as early as 30 min after injury and persist at the site for 12-24 hr, where they are thought to clear debris and also perhaps prevent opportunistic infections (L€ ammermann et al., 2013; McDonald et al., 2010) . Accumulating 1 hr after injury, peritoneal macrophages infiltrate the injured site and dismantle the nuclei of necrotic cells (Wang and Kubes, 2016) . At 8-12 hr, some pro-inflammatory CCR2 + Ly6C hi monocytes enter the injury, whereas others precisely surround the injured site, and as the local cytokine milieu changes through an unidentified mechanism or source, these monocytes transition over 48 hr into regulatory CX 3 CR1 + Ly6C lo monocytes before consolidating inside the injury to initiate repair (Dal-Secco et al., 2015) . These monocytes are clearly educated locally by an unknown mechanism to switch into a less inflammatory but more reparative phenotype. We hypothesize that an orchestrator must exist in the immune system to sample the local environment and discriminate between and affect the need for potent inflammatory responses (during infection) or the need for restitution and repair (sterile injury). Invariant natural killer T (iNKT) cells, a specialized subset of innate T lymphocytes, are activated early during inflammation and subsequently contribute to the development and regulation of innate and adaptive immune responses (Van Kaer et al., 2013) . iNKT cells share surface markers with NK cells and also express a rearranged T cell receptor (TCR) containing an invariant a chain (Va14-Ja18 in mice) paired with restricted subsets of TCR b chains (Bendelac et al., 2007; Kronenberg, 2005) . This restricted TCR repertoire expressed by iNKT cells allows them to recognize exogenous glycolipid antigens presented by CD1d, a major histocompatibility complex (MHC) class I-like molecule (Adams and Ló pez-Sagaseta, 2011; Brigl and Brenner, 2004) . But, iNKT cells have also been described to recognize self-antigen glycolipids during development (Facciotti et al., 2012) , when activation of iNKT cells by self-antigens could stimulate cytokine production differently than infection (Gapin et al., 2013; Mallevaey and Selvanantham, 2012) . Further, iNKT cells can also be activated by cytokines such as interleukin 12 (IL-12) and IL-18, and these pathways can synergize with antigen presentation for robust iNKT cell activation (Brennan et al., 2013; Velá zquez et al., 2008) . Depending on the mode of activation, iNKT cells are able to integrate these signals and, after activation, rapidly begin to secrete either T helper 1 (Th1) cytokines, such as interferon-g (IFN-g), during infection and/or T helper 2 (Th2) cytokines, such as IL-4 and IL-10, to presumably enable repair (Geissmann et al., 2005; Liew and Kubes, 2015) .
During activation, the decision by iNKT cells to produce a specific set of cytokines depends on the type of antigen presented, the type of antigen-presenting cell (APC) in the local microenvironment, and the activation signal (Bai et al., 2012; Chiba et al., 2004; Trobonjaca et al., 2001; Wong et al., 2011) . Because of these unique properties, iNKT cells are described as the orchestrators of immunity and exert appropriate potent immunostimulatory or immunoregulatory roles in many diseases (Ajuebor, 2007; Berzins and Ritchie, 2014) . The liver contains the highest population of iNKT cells, and intravital studies have shown that iNKT cells crawl under basal conditions in liver sinusoids and will arrest when activated in response to either harmful stimuli, e.g., infectious molecules, or certain cytokines applied exogenously (Geissmann et al., 2005; Lee et al., 2010; Velá zquez et al., 2008) . Whether they adhere and are activated in response to self-antigens is unclear.
There is evidence that iNKT cells can enhance damage during chronic inflammation (Biburger and Tiegs, 2005; Chuang et al., 2008; Kimura et al., 2009; Kuboki et al., 2009; Mattner et al., 2008; Osman et al., 2000; Shimamura et al., 2005; Takeda et al., 2000) , but their role in healthy injury and repair has not been studied systematically. Therefore, we used a model of focal hepatic sterile thermal injury to show three phases of hepatic iNKT cells during the immune response: (1) repulsion, when iNKT cells do not enter the injury site; (2) retention in proximity to the injury by self-antigens, as well as arrest cytokines IL-12 and IL-18; and (3) infiltration of iNKT cells into the injury site. iNKT cells were activated and produced IL-4 but not IFN-g, and the IL-4 from iNKT cells was critical for (1) the transition of monocytes from an inflammatory to a repair phenotype; (2) collagen deposition, leading to regulated revascularization of the wound; and (3) hepatocyte proliferation and healing of the injury.
RESULTS iNKT Cells Exhibit Three Distinct Temporal and Spatial
Responses to Focal Sterile Injury in the Liver Platelets, neutrophils, peritoneal macrophages, and monocytes are recruited to a site of focal sterile injury in the liver (Dal-Secco et al., 2015; McDonald et al., 2010; Slaba et al., 2015; Wang and Kubes, 2016) . To visualize the response of hepatic iNKT cells to focal sterile injury in the same model, we used mice expressing enhanced green fluorescent protein under the control of the Cxcr6 promoter (Cxcr6 Gfp/+ ). Hepatic iNKT cells were distributed throughout the liver ( Figure 1A ), resided exclusively in the sinusoids, and crawled in a random pattern under basal conditions (Movie S1), as previously described by us and others (Geissmann et al., 2005; Lee et al., 2010; Wong et al., 2011) . In contrast to neutrophils, which infiltrated into the necrotic lesion within 4 hr (McDonald et al., 2010) , iNKT cells did not accumulate or infiltrate the injury at this time point. Instead, iNKT cells began to accumulate around the lesion at 8 hr and were increasingly retained around the lesion up to 24 hr ( Figures 1B and 1C ). This accumulation of iNKT cells around the lesion was suspiciously similar to what we observed for Ccr2 Rfp/+ monocytes, which encircled the lesion within the first 24 hr and then entered the injury at 48 hr (Dal-Secco et al., 2015) . The ring of iNKT cells infiltrated the injured site at 48 hr as well ( Figures 1B and 1D Figure S1C ).
The cellular dynamics of the iNKT cell response were next assessed at each of the three phases: early, mid, and late. In the early phase at 4 hr, iNKT cells approached the injury, made a 180 U-turn, and retreated from the immediate area (Movies S2 and S3). The likelihood that a crawling iNKT cell would make a U-turn under normal conditions was near 0% ( Figure 2B and Movie S1). Imaging under sham injury conditions for 30 min revealed numerous cells crossing an imaginary line, whereas if this line was placed around the injury, no iNKT cells crossed the line to infiltrate the injury (Figures 2A and 2C ). In fact, every one of these cells U-turned for the first 4 hr after injury ( Figure 2B ). The U-turns were not due to other cells at the injury site. A significant number of neutrophils entered the lesion at 4 hr (McDonald et al., 2010) . However, depletion of neutrophils did not reduce the number of U-turns ( Figure 2B ). Platelets were observed to completely line the sinusoids after injury (Slaba et al., 2015) , but platelet depletion also did not result in any change in iNKT cell U-turns ( Figure 2B ). Kupffer cells (KCs) were depleted by clodronate liposome (CLL) treatment, and this also had no impact on iNKT cell U-turns ( Figure 2B ). Tandem depletion of platelets and KCs also did not affect this behavior ( Figure 2B ). Semaphorins are molecules that mediate a fugetactic response where immune cells are chemically repelled from a site (Takamatsu and Kumanogoh, 2012; Takamatsu et al., 2010) . We identified that iNKT cells expressed primarily the receptor (NRP1a) for class 3 semaphorins (data not shown). Antibody blockade of this receptor failed to alter the iNKT cell U-turn response (Figure 2B) . CXCL9 (also known as MIG [monokine induced by gamma interferon]) is a chemokine that attracts iNKT cells (Johnston et al., 2003) . We perfused CXCL9 over the injured site at 4 hr to provide a chemo-attractive gradient to recruit iNKT cells into the injury. Although an increased number of iNKT cells approached the injury site, this simply increased the number of U-turns at the injured site ( Figure 2B ). No iNKT cells entered the injury (Figure 2A ), suggesting a formidable physical barrier to iNKT cell entry into the sterile injury site. It is worth mentioning that U-turns were selective to iNKT cells as neutrophils entered the injured sites and never did U-turns.
By staining the sinusoids with an intravenous injection of PECAM-1 antibody before (red) and after (blue) inducing thermal injury, we could delineate the exact position where the sinusoids stopped being patent (stopped being blue but retained red staining) ( Figure 2D ). Indeed, sinusoids inside the injury had collapsed, and there was a significant decrease in the width of PECAM-1-stained sinusoids ( Figure S2A ). To confirm that the lumen of these collapsed sinusoids was not patent, we injected fluorescent albumin, and no perfusion was observed inside the injury, whereas sinusoids outside the injury were well perfused ( Figure S2B) ; these results are consistent with previously published findings (Slaba et al., 2015) . We employed Please also see Figure S1 . (E) Representative still images over time of iNKT cells U-turning specifically at collapsed sinusoids over time from three independent experiments (yellow arrow, iNKT cell approaching collapsed sinusoid; red arrow, iNKT cell U-turning and leaving collapsed sinusoid). Scale bar, 25 mm. (F) Quantification of iNKT cells U-turning at regular or sinusoid remnants (n R 3 mice; ***p < 0.001 by t test).
All expressed values are displayed as mean ± SEM. Please also see Figure S2 . a higher-magnification power to observe iNKT cell behavior at this boundary and found that iNKT cells specifically U-turned at the edge of collapsed sinusoids caused by the injury (Figures 2E and 2F and Movie S3) .
At 8 hr, U-turns stopped, and iNKT cells arrested their crawling behavior in what appeared to be a strategic position closely abutting the lesion boundary ( Figure 3A and Movie S4). Approximately 50% of GFP + cells arrested ( Figure 3B ), and the remaining GFP + cells crawled very slowly at less than 2.5 mm/min (8 hr; Figure 3D ). iNKT cells continued to arrest at 24 hr as they accumulated around the injured site ( Figures 1C and 3C ). The arrest of iNKT cells was not due to surgical stress given that iNKT cells in sham operations at 8 and 24 hr continued to crawl at velocities observed at basal conditions ( Figure 3E ). In addition, the arrest was specific to the boundary of the lesion because iNKT cells >100 mm away from the injury continued to crawl randomly (Movie S4) until they reached the injury site, suggesting an immobilized local arrest molecule and not, for example, a bacterial antigen traversing the intestinal barrier. Arrest of iNKT cells correlated with activation and expression of marker CD69 (Figure 3F) , as observed by us and others (Lee et al., 2010; Wingender et al., 2011; Wong et al., 2011) . By 48 hr, iNKT cells finally migrated into the injured site ( Figure 1D ), and no further arrest was noted (data not shown).
In contrast to B. burgdorferi infection, where iNKT cells produced Th1 cytokines such as IFN-g (Lee et al., 2010) , hepatic focal sterile injury led iNKT cells to produce IL-4 ( Figure 3G ) but not IFN-g ( Figure 3H ). Continued production of IL-4 (but not IFN-g) by iNKT cells was observed at 48 hr ( Figure 3G and data now shown). Production of IL-4 was not observed in T cells, NK cells, or monocytes (data not shown). Other cell types such as type 2 innate lymphoid cells and eosinophils were not seen to accumulate around the injury where the healing and monocyte switching occurred, making these cells less likely to be candidate sources of IL-4. To further characterize the types and quantity of cytokines in the local microenvironment, we used a luminex multiplex assay to measure the concentration of cytokines obtained from liver biopsies of injury sites in wildtype (WT) and Cd1d À/À mice. Compared with WT mice after sterile injury, Cd1d À/À mice showed a significant decrease in IL-4 and a concurrent increase in IFN-g release ( Figure 3I ). Using luminex, we also observed more IL-10 in the injury sites from WT mice than in those from Cd1d À/À mice. However, the source of the IL-10 production was unknown, given that IL-10 was not detected in iNKT cells, although its production was dependent on these cells (data not shown). and Movie S5). In addition, iNKT cell accumulation around the injured site was also abrogated after CD1d antibody blockade at 8 hr ( Figure 4C ), whereas anti-CXCR3 antibody treatment had no effect ( Figure S3 ), which was in contrast to the CXCR3-dependent recruitment of hepatic iNKT cells after B. burgdorferi infection (Lee et al., 2010) . No changes in iNKT cell arrest or accumulation were observed with isotype control antibodies at 8 hr ( Figures 4B and 4C ). However, no changes in iNKT cell arrest were noted at 24 hr with anti-CD1d antibody treatment ( Figure 4D ), suggesting different arrest molecule(s) at this time point. Innate cytokine-driven signals have been described to activate iNKT cells after bacterial infection in vitro (Brigl et al., 2011) . Additionally, investigators have demonstrated that iNKT cells can arrest through synergistic effects by exogenously applying cytokines IL-12 and IL-18 (Velá zquez et al., 2008) . In our sterile injury model, blocking IL-12 and IL-18 with antibodies prevented the arrest of iNKT cells at 24 hr ( Figure 4E ). However, cytokine-driven activation of iNKT cells did not play a role in iNKT cell activation at 8 hr given that blocking IL-12 and IL-18 did not affect iNKT cell accumulation or arrest (Figures 4F and 4G) . This suggests that CD1d activation of iNKT cells precedes cytokine activation at the site of sterile injury.
Biphasic Mechanism of iNKT
To determine whether the initial CD1d-dependent arrest of iNKT cells was required for the subsequent cytokine retention at the injury at 24 hr, we pretreated mice with CD1d antibody before injury. This protocol retained fewer iNKT cells around the injured site at 24 hr ( Figure 4H ), suggesting that the initial CD1d-induced arrest was required for cytokine retention at the later time point. IL-12-and IL-18-dependent arrest was also necessary for continued retention of iNKT cells around the injury at 24 hr given that accumulation was attenuated after treatment with anti-IL-12 and anti-IL-18 antibodies ( Figure 4I ). Isotype control antibodies did not affect iNKT cell arrest or retention within the 100 mm around the injury site ( Figures 4H and 4I ).
The liver houses several CD1d-expressing APCs-including KCs, liver sinusoidal endothelial cells (LSECs), hepatocytes, and hepatic stellate cells-and they have been demonstrated to present exogenous ligands to iNKT cells (Geissmann et al., 2005; Lee et al., 2010) . KCs have been reported to be the most effective presenters of CD1d-relevant glycolipids. We explored the possibility that KCs could also present self-antigen in this sterile, non-infectious model. F4/80
+ staining during intravital imaging demonstrated that KCs were evenly distributed throughout the liver all the way to the necrotic lesion ( Figure 5A ). We used CLL treatment (Lee et al., 2010) to deplete 99.5% of KCs, but we observed no reduction in the arrest of iNKT cells after 8 hr ( Figure 5B ). LSECs express high amounts of CD1d on their cell surface (Geissmann et al., 2005) . To test whether LSECs were involved in presenting ligands to arrest iNKT cells via CD1d, we generated LSEC-CD1d deficient mice by breeding mice that carry a floxed allele of Cd1d1 to mice containing an inducible Cre recombinase under the control of cadherin, a vascular endothelial cell promoter. Induction of Cre with tamoxifen decreased CD1d expression on endothelial cells but not KCs ( Figure S4 ). However, no significant reduction in iNKT cell arrest was noted 8 hr after injury in LSEC-CD1d-deficient mice ( Figure 5B) . Noteworthy, iNKT cells in LSEC-CD1d-deficient mice arrested (legend on next page) adjacent (<5 mm) to KCs ( Figure 5C , red arrows). When we treated LSEC-CD1d-deficient mice with CLL to deplete KCs, we noted a significant decrease in arrested iNKT cells 8 hr after injury ( Figure 5B ). However, depletion of CD1d on both KCs and endothelium was still not sufficient to completely ablate iNKT cell arrest, suggesting that other CD1d-presenting cells might also play a role in presenting self-antigens to iNKT cells.
iNKT Cells Modulate Wound Healing, Cellular Proliferation, Collagen Deposition, and Debris Clearance at the Injured Site We hypothesize that iNKT cells regulate the local wound-healing process. Healing the injury with newly restored sinusoids from the outer perimeter inward resulted in a 70% reduction in the size of the injury in BALB/c mice at 7 days ( Figures 6A and 6B ). In contrast, healing was significantly delayed in Cd1d À/À mice at 7 days ( Figure 6B ). By enumerating the number of hepatocytes next to the injury (yellow dotted line) ( Figure S5 ), we observed a lower density of hepatocytes surrounding the injury in Cd1d À/À mice ( Figure 6C ). Contraction of the wound has been proposed to be an important element during healing (Racine-Samson et al., 1997; Van De Water et al., 2013) . Contractile action mediated by myofibroblasts compacts the wound, influences cell size near the injury, and promotes wound closure (Van De Water et al., 2013) . However, hepatocyte cell size near the injury or further away ($300 mm) ( Figure S5 , insets) was not significantly different ( Figure 6D ), suggesting that contraction did not play a significant role. Hepatocyte mitosis after hepatic injury is necessary to restore normal liver architecture and function; dividing hepatocytes closest to the area of necrosis replace dead cells (Bajt et al., 2003; Miyaoka and Miyajima, 2013) . We used bromodeoxyuridine (BrdU) to label proliferating cells in vivo before harvesting frozen sections of injured hepatic tissue for immunofluorescent staining. At 72 hr, antibody staining for BrdU + cells revealed many more proliferating cells near the edge of the injured site where iNKT cells localize than in Cd1d À/À mice that lacked iNKT cells (Figures 6E and 6F) . Proliferating cells were counterstained with cytokeratin 18 (CK18), a commonly used hepatocyte-specific marker (DeAngelis et al., 2012) , and proliferating cells were positive for CK18 (data not shown). The number of proliferating cells decreased significantly after 7 days for both BALB/c and Cd1d À/À mice, and these two strains showed no significant difference in BrdU + cells at this later time point (Figure 6F) . We also report an important repair role for iNKT cells in C57BL/6 mice given that Ja18 À/À mice on this background displayed poorer healing ( Figure 6G ) and fewer number of hepatocytes surrounding the injury than WT C57BL/6 mice ( Figure 6H ). To determine whether iNKT cells were the source of IL-4-mediated healing of the injury, we performed adoptive transfer of WT iNKT cells or IL-4-deficient iNKT cells into Ja18 À/À mice. Using this approach, we observed poorer healing (i.e., increased injury size) in Ja18 À/À mice reconstituted with IL-4-deficient iNKT cells than in Ja18 À/À mice reconstituted with WT iNKT cells ( Figure 6I ). Further, we noted fewer hepatocytes surrounding the injury in Ja18 À/À mice that had been reconstituted with IL-4-deficient iNKT cells than in mice that had received WT iNKT cells ( Figure 6J ). The accumulation, activation, and production of IL-4 by iNKT cells during the retention (second) hi green cells ( Figure 7B ).
Normal collagen deposition in the injury area (compared with healthy tissue) was observed in WT mice, but Cd1d À/À mice had excessive collagen deposition that qualitatively did not appear to be in the honeycomb pattern seen in the uninjured tissue. This aberrant excessive deposition of collage is consistent with fibrosis and/or scar formation ( Figure 7D ). Preventing iNKT cell activation through anti-CD1d, anti-IL-12 and anti-IL-18, or use of all three antibodies significantly delayed wound healing to an amount comparable with that observed in Cd1d À/À mice ( Figure 7E ). Hepatocyte cell density was also All expressed values are displayed as mean ± SEM.
decreased after these interventions around the injury ( Figure 7F ). Murine hepatocytes have been demonstrated to express IL-4 receptor and proliferate in response to IL-4 during disease states (Goh et al., 2013) . We neutralized IL-4 with antibodies to determine whether IL-4 produced by iNKT cells would affect wound healing in our model. Wound size was significantly increased and was comparable to that seen in Cd1d À/À mice ( Figure 7G ).
A decrease in hepatocyte cell density surrounding the injury was also observed ( Figure 7H ). It is worth mentioning that although the transition of monocytes from CCR2 hi CX 3 CR1 lo to 
CCR2
lo CX 3 CR1 hi monocytes did require inhibition of both IL-4 and IL-10 (DalSecco et al., 2015), the increase in hepatocyte cell density and injury size was inhibited by IL-4 alone.
Together, the local activation and accumulation of iNKT cells through self-antigen presentation first and cytokine signals second at the focal sterile injury site led to the production of Th2 cytokines at the injury microenvironment in the liver. These mechanisms were critical for the successful transition of inflammation toward resolution, tissue restitution, and healthy repair of the liver.
DISCUSSION
Using spinning-disk confocal intravital microscopy to track hepatic iNKT cells after a focal sterile injury provided critical temporal and spatial information regarding their behavior and functional role. First and foremost, iNKT cell recruitment was fundamentally different from that described in our previous reports of neutrophils, peritoneal macrophages, and some inflammatory monocytes, which infiltrated the afflicted tissue immediately to initiate the removal of dead tissue (Dal-Secco et al., 2015; McDonald et al., 2010; Wang and Kubes, 2016) . By contrast, iNKT cells were overtly precluded from entering the injured site. Although neutrophils have potent proteases, including neutrophil elastase and matrix metalloproteinase, to enter the injury site across collapsed vessels, iNKT cells lack these molecules to burrow into the injured tissue. Although we identified numerous chemotactic alarmins for neutrophil infiltration into the injured site, even bathing the injury with the potent iNKT cell chemoattractant CXCL9 did not coax iNKT cells into the injury site. In fact, the iNKT cells still made U-turns and left the injury site, suggesting that perhaps something in addition to a barrier might be overtly repelling the iNKT cells. Next, iNKT cells visibly arrested and were retained or detained at the border of the injury for at least 48 hr by antigen presentation via CD1d and subsequently by cytokines; here, they appeared to contribute to (1) monocyte conversion from an inflammatory to a repair phenotype and (2) the proliferation of hepatocytes. LSECs, KCs, and other CD1d-expressing cells were central players in this arrest of iNKT cells. Only at 48-72 hr did the iNKT cells enter the injury site. The iNKT cells strategically arrested in the midst of a ring of monocytes and proliferating hepatocytes. The lack of iNKT cells resulted in delayed conversion of the monocytes, decreased cellular proliferation, a concurrent increase in collagen deposition, and decreased wound repair. It is worth mentioning that a delay in monocyte conversion led to poor collagen deposition, whereas iNKT cell ablation led to an over-abundance of collagen deposition and scar formation. A possible difference could be the excess IFN-g production that was observed in the absence of iNKT cells. Elevated concentrations of IFN-g stimulate hepatic inflammation and exacerbate liver damage, leading to increases in hepatic fibrogenesis (Attallah et al., 2016; Knight et al., 2007; Park et al., 2009 ).
iNKT cells have been shown to arrest in blood vessels either by the presentation of CD1d-dependent bacterial antigen or by exogenously applied IL-12 and IL-18 (Lee et al., 2010; Velá zquez et al., 2008) . Self-antigens can also be presented on CD1d, but their effect on iNKT cell behavior is unknown. Here, we showed that in a healthy repair model, they played a critical role in arresting iNKT cells and strategically localizing them at the site where hepatocytes were proliferating. In addition, in this sterile model of injury and repair, CD1d antigen presentation lasted only a few hours before being closely followed by cytokine activation. Whereas one study has shown that IL-12 might induce iNKT cell hyporesponsiveness to bacteria (Choi et al., 2008) , another revealed that IL-12 could enhance responsiveness in iNKT cells in response to weak antigen presentation via CD1d through histone modification of relevant genetic loci (Wang et al., 2012) . Our in vivo model suggests that CD1d might prime cells to respond more potently to cytokines and that cytokines are necessary for the continued activation and localization of iNKT cells.
The identity of natural endogenous ligands for iNKT cells remains elusive, although recent data have demonstrated that small quantities of a-glycosylceramides could be constitutively produced in mammalian cells as a result of catabolic enzymes, and these have been proposed to be the main endogenous iNKT cell ligands (Kain et al., 2014) . Functionally, self-antigens are important in mediating the positive selection of iNKT cells in the thymus (Brennan et al., 2013; Facciotti et al., 2012) . However, during infection, self-antigens are proposed to play only minor roles during peripheral iNKT cell responses (Brennan et al., 2013) . Instead, cytokine-driven signals are dominant in activating iNKT cells (Brigl et al., 2011 ). Although we have no formal evidence of an endogenous antigen, the CD1d-dependent 
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(A) Representative still image of wound size (no sinusoid stain inside injury) 4 hr and 7 days after injury from at least three independent experiments; sinusoids were stained with PECAM-1 (red). Scale bars, 100 mm. (B) Quantification of injury size over time between WT BALB/c and Cd1d À/À mice (n R 3 mice; *p < 0.05, **p < 0.01 by t test).
(C) Quantification of hepatocyte cell density between WT BALB/c and CD1d À/À mice 7 days after injury (n R 3 mice; *p < 0.05 by t test).
(D) Quantification of length of hepatocytes at the injury versus further away (>300 mm) (n R 3 mice). (G) Quantification of injury size 7 days after injury between C57BL/6 and Ja18 À/À mice (n R 3 mice; *p < 0.05 by t test).
(H) Quantification of hepatocyte cell density around injury area between C57BlL6 and Ja18 À/À mice (n R 3 mice; ****p < 0.0001 by t test).
(I) Quantification of injury size 7 days after injury in Ja18 À/À mice adoptively transferred with WT or Il4 À/À iNKT cells (n R 3 mice; *p < 0.05 by t test).
(J) Quantification of hepatocyte cell density around injury area 7 days after injury in Ja18 À/À mice adoptively transferred with WT or Il4 À/À iNKT cells (n R 3 mice; *p < 0.05 by t test).
All expressed values are displayed as mean ± SEM. Please also see Figure S5 . anti-CD1d, anti-IL-12, and anti-IL-18 antibodies 24 hr after injury (n R 3 mice; *p < 0.05, **p < 0.01 by t test).
(C) Quantification of the amount of dead cells inside the injury between WT and Cd1d À/À mice 72 hr after injury (n = 3 mice; *p < 0.05 by t test).
(D) Quantification of the amount of collagen inside and outside the injury in WT BALB/c and Cd1d À/À mice 72 hr after injury (n = 3 mice; *p < 0.05 by t test).
(E) Quantification of injury size after antibody treatments and in Cd1d À/À mice 7 days after injury (n R 3 mice; *p < 0.05, ***p < 0.001, ****p < 0.0001 by one-way ANOVA; # p < 0.05 by t test). (F) Quantification of hepatocyte cell density after antibody treatments and in Cd1d À/À mice 7 days after injury (n R 3 mice; *p < 0.05 by t test).
(legend continued on next page) activation and retention of iNKT cells after sterile injury in the liver are very unlikely to be caused by an exogenous bacterial-derived antigen. First, during liver infections, iNKT cells do not produce IL-4 but instead release significant amounts of IFN-g (Lee et al., 2010) . Second, the sterility of the inflammatory response in the focal injury model has been confirmed by the depletion of mice of culturable flora with the use of antibiotics, which showed no alteration in the response to hepatic necrosis (McDonald et al., 2010) , and with the use of a high-temperature thermal probe (>800 C) to ensure sterile conditions. Notably, the behavior of iNKT cells was altered only locally and adjacent to the focal injury area but not at distal sites throughout the liver or in mice that had undergone sham surgery. This then precludes the possibility that bacterial products from surgery or the intestine resulted in the observed change in the iNKT cell behavioral phenotype after hepatic sterile injury. Most importantly, the behavior of immune cells, including iNKT cells, is dramatically different when an infectious agent is added (Lee et al., 2010) . Therefore, our data reveal that endogenous antigens play an important role beyond iNKT cell development to direct and localize these cells at sites of injury and that presentation of self-antigens via CD1d is functionally important in vivo to guide healing and repair.
We previously reported that inflammatory CCR2 hi CX 3 CR1 lo monocytes transition in situ into reparative CCR2 lo CX 3 CR1 hi monocytes at the site of injury, but the molecular mechanism and cell type that mediate this phenotypic switch remain unknown (Dal-Secco et al., 2015) . Herein, we demonstrate that (1) iNKT cells localize specifically to the site where these monocytes have been reported to switch their phenotype; (2) iNKT cells produce an abundance of IL-4, which we previously reported is sufficient for the monocyte transition; and (3) in the absence of iNKT cells or the prevented activation of iNKT cells, there is both a delayed transition of monocyte phenotypes and delayed revascularization and repair. In our previous study using C57BL/6 mice, both IL-4 and IL-10 had to be inhibited to delay the transition in monocyte phenotype, which affected the repair process (Dal-Secco et al., 2015) . Consistent with this observation, we demonstrated here that mice deficient in iNKT cells showed lower concentrations of IL-4 and IL-10 and substantial increases in IFN-g. Moreover, when we adoptively transferred WT or Il4 À/À iNKT cells into Ja18 À/À mice, IL-4 derived from iNKT cells was absolutely critical for the induction of hepatocyte proliferation and healing of the injured site. Lack of IL-4 production specifically from iNKT cells resulted in poorer healing. This suggests that whereas other cells could also produce IL-4, IL-4 from iNKT cells was critical most likely as a result of the amount and location where it was produced. Indeed, depletion of iNKT cells resulted in a 50% reduction of IL-4, but this reduction inhibited the healing process considerably. We also extended our observations into BALB/c mice and observed a critical role for both iNKT cells and IL-4. However, inhibition of IL-4 alone did impair the hepatocyte proliferation in BALB/c mice, suggesting either that IL-10 was not mediating this aspect of the restitution or that there might be a greater dependency on IL-4 in BALB/c mice for healing and repair. To date, most sterile injury has been lumped into a single category, but it is almost certain that there are diverse categories of sterile injury. Millions of years of evolution have ensured that sterile injuries associated with trauma and burns are rapidly repaired, whereas chronic inflammatory injuries induced by lifestyle, drugs, and other toxicities have not been influenced by generations of evolution and arguably have been present only for a few generations. As such, the immune system often contributes to the injury rather than help its repair. Indeed, in the liver, iNKT cells have been show to robustly participate in concanavalin-Ainduced liver injury Toyabe et al., 1997) , a-GalCer-induced liver injury (Biburger and Tiegs, 2005; Osman et al., 2000) , ischemia-reperfusion (Kuboki et al., 2009; Shimamura et al., 2005) , drug-induced liver injury (acetaminophen and carbon tetrachloride) (Kimura et al., 2009; Park et al., 2009) , and primary biliary cholangitis and cholestasis (Chuang et al., 2008; Mattner et al., 2008) , leading many investigators to conclude that iNKT cells are the culprit in chronic inflammatory conditions. However, it is imperative that we understand the normal role of iNKT cells in injury and repair to understand where problems occur in chronic inflammation. Our own data suggest that in a healthy repair model, iNKT cells contribute to the switch from inflammation to injury resolution and proper repair and that in their absence, poor revascularization, increased collagen deposition, and delayed repair will ensue. We have observed that a single non-lethal dose of acetaminophen (Tylenol) causes liver injury followed by repair, and this injury was exacerbated in the absence of iNKT cells. Our imaging would strongly advocate for understanding the temporal and spatial localization of iNKT cells in the many aforementioned models to better understand their behavior and function in chronic inflammation.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: All expressed values are displayed as mean ± SEM. Please also see Figure S5 . 
Preparation of Mouse Liver for SDIVM
Preparation of the murine liver for intravital microscopy was performed as previously described. Mice were anesthetized by i.p. injection of 200 mg/kg ketamine (Bayer Animal Health) and 10 mg/kg xylazine (Bimeda-MTC). The jugular vein of an anesthetized mouse was cannulated to allow intravenous delivery of antibodies and additional anesthetic if required. To maintain body temperature, mice were placed on a heating plate (CU-201, Live Cell Instruments) at 37 C containing a glass coverslip to image hepatic tissue. A midline and lateral incision along the costal margin to the midaxillary line was performed to expose the liver. The mouse was placed in a right lateral position on the heating plate and the ligaments connecting the liver to the diaphragm were transected to allow externalization of the liver onto a glass coverslip. Blood flow was maintained intact. To prevent dehydration, exposed abdominal tissues were covered with saline-soaked gauze. A saline soaked KimWipe disposable wiper was gently placed over the liver to restrict movement of the tissue on the coverslip and to prevent tissue dehydration.
Focal Necrotic Injury Induction
The focal necrotic injury was performed as previously described. For SDIVM, a single 0.02 ± 0.001 mm 3 focal injury was generated on the surface of the liver to a depth of $80 mm using the tip of a heated 30-guage needle mounted to an electro-cautery pen. For immediate imaging on the microscope, necrotic cells were visualized by perfusing 50 mL of 2 mM propidium iodide solution directly onto the injury. For other experiments, the incision was closed with sutures and animals were allowed to recover for imaging at later time points (8-7 days) after injury. Sham experiments were prepared similarly but without injury induction and imaged identically to injured mice. For liver biopsy analysis via flow cytometry, a cluster of 4 focal injuries separated by $1 mm were made on the liver. To obtain enough biopsies for flow cytometric analysis, several clusters of injuries, 0.5 cm apart, were made on the liver.
Antibody Use for In Vivo Treatments
To visualize the liver vasculature, anti-PECAM-1 was conjugated to Alexa Fluor 647 using a protein labeling kit according to manufacturer's instructions (Invitrogen, Eugene, OR) and injected via the jugular vein before intravital imaging. KCs were labeled with AF750-conjugated anti-F4/80 injected via the jugular vein. 
Flow Cytometry of Whole Liver and Liver Biopsies
Liver-derived lymphocytes were isolated from BALB/c mice using a method previously described (Lee et al., 2010) . Briefly, blood was withdrawn by cardiac puncture. Liver biopsies were excised with a 2 mm biopsy punch and single cell suspensions were generated from the liver by mechanical disruption through a 40 mm nylon mesh. Suspensions were washed with ice-cold PBS (pH 7.4) and centrifuged at 300 3 g for 10 min. All suspensions were then resuspended in cold FACS wash buffer (FWB; PBS, 2% fetal calf serum, 0.5 mM EDTA 
Measurement of Liver Biopsy Cytokine Concentrations
Quantification of concentrations of cytokines was performed using the validated Luminex bead-based assay from R&D Systems (Minneapolis, MN) according to manufacturer's instructions (dupont et al., 2005) . Briefly, following harvest of liver biopsies, tissue samples were mechanically disrupted through a 40 mm nylon mesh and 1 mL of PBS was added. The mixture was then centrifuged at 10,000 rpm and the supernatant was transferred to a 0.22 mm PVDF DuraPore centrifugal filter (EMD Millipore, Billerica, MA) to remove any particulates from the solution. Filtered samples were then incubated with capture bead cocktail on a 96-well plate in the dark for 2 hr at room temperature. After incubation, wells were washed with wash buffer, incubated with a biotin antibody cocktail for 1 hr next before another round of washing and incubation for another 30 min with Streptavidin-PE. Following washes, the plate was read using a Luminex 200 apparatus (Applied Cytometry Systems, UK) and analyzed with StarStation V.2.3 (Applied Cytometry Systems, UK).
Immunofluorescence Staining of Liver Whole-Mount or Tissue Sections
Frozen OCT-embedded liver sections of BALB/c mice were used for BrdU + cell staining and identification. 5 mm tissue sections of the hepatic focal necrotic injury were obtained and dried overnight at room temperature in the dark. Tissue sections were fixed with ethanol and paraformaldehyde before antigen retrieval. Antigen retrieval was performed according to manufacturer's instructions (BD Retrievagen kit). Sections were blocked with 20% goat serum before primary staining with rat anti-BrdU antibodies and secondary staining with anti-rat fluorophore-conjugated antibodies. Anti-fade fluorescence mounting media was added to the section before mounting the slides for imaging and image acquisition with the spinning disk confocal microscope. For whole-mount staining, a small section ($5 mm) of the liver containing the sterile injury was harvested and incubated overnight at 4 C with a 1:100 dilution of PBS57-loaded PE-conjugated CD1d tetramer in PBS. The next day, the liver section was washed twice with PBS before mounting onto a slide for image acquisition with the spinning disk confocal microscope. A layer of moist Kimwipe was placed over the liver section to prevent it from drying out as well as to hold it in place during imaging.
Visualizing Collagen in Multiphoton Microscopy
Nonlinear second harmonic signal (SHS) generation in animal tissue was completed using multiphoton microscopy using the crystalline and noncentrosymmetric biological properties of tissue collagen (Cox and Kable, 2006) . Intact or injured livers were excised, and kept in cold PBS, and imaged with a FV1000MPE Olympus multiphoton microscope equipped with a Chameleon Ultra Laser Ti:Sapphire laser (Coherent). Multiphoton fluorescence and SHS was employed to visualized hepatic tissue using the 890 nm excitation. The resultant signal was detected with epi/backscattered geometry using appropriate bandpass filters (GFP, 495-540 nm; SHS, 420-460 nm) and nondescanned detectors. Z stacks of the hepatic tissue was recorded at 0.5 mm intervals with a 203/0.95 N.A. water objective (Olympus). Images from the multiphoton microscopy were exported as OIF files and analyzed in Volocity software.
Adoptive Transfer of iNKT Cells into Ja18
-/-Mice Natural Killer (NK) cells were depleted before harvest of iNKT cells by intraperitoneal injection of 10 mL of anti-Asialo GM1 antibodies into wild-type or Il4 À/À mice. 1 day after anti-Asialo GM1 antibody treatment, mononuclear cells were isolated from livers and spleen of from wild-type or Il4 À/À mice as previously described (Lee et al., 2010) and labeled with anti-mouse NK1.1 antibodies. Wild-type iNKT cells (IL-4 rich) or IL-4 deficient iNKT cells were positively selected by magnetic separation using anti-PE microbeads. Following positive selection, iNKT cells were resuspended in sterile PBS at a concentration of 3 3 10 7 cells/mL. Positive selection of CD1d-tetramer + iNKT cells was confirmed using flow cytometry as described above. Recipient Ja18 À/À mice were placed under ketamine and xylazine mixture anesthesia as described above and 200 mL of the cell suspension was infused into the portal vein at a rate of 1 mL/min.
QUANTIFICATION AND STATISTICAL ANALYSIS Statistics
All values are expressed in mean ± SEM. Data were compared with either unpaired Student's t test or one-way ANOVA with Bonferroni multiple comparisons post hoc test using Prism 6 (GraphPad). Graphs were prepared using Microsoft Excel 2013. The specific statistical tests used for each figure can be found in the corresponding figure legend. Statistical significance was accepted at p < 0.05 where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n values are listed in each corresponding figure legend and represents the number of mice used for each experimental group.
Analysis of Monocyte Hues
Monocyte hues were measured as previously described (Dal-Secco et al., 2015) . In brief, 103 images for each experiment acquired using Volocity software, were exported into TIF images to be used in ImageJ. Only the green and red fluorescence emission channels were kept and merged into a RGB image (where the blue channel was blank). Images were segmented using the Color Threshold Tool in the brightness channel in the hue, saturation and brightness (HSB) color space. Threshold amounts for each dataset were identical in the same imaging session. Pixels in the segmented color region were categorized according to the hue (red, orange, yellow or green) before the relative percentage of pixels in each color category was calculated.
